is an absolute requirement for the downstream activities of the major base excision repair enzymes, it may act as a regulator for the base excision repair pathway for efficient and balanced repair of damaged bases, which are often less toxic and/or mutagenic than their subsequent repair product intermediates.
2+
. Here we have demonstrated that Mg 2+ can be significantly inhibitory toward Nmethylpurine-DNA glycosylase activity depending on its concentration but independent of substrate type. The presteady-state kinetics suggests that Mg 2+ at high but physiologic concentrations decreases the amount of active enzyme concentrations. Steady-state inhibition kinetics showed that Mg 2+ affected K m, not V max , and the inhibition could be reversed by EDTA, but not by DNA. At low concentration, Mg 2+ stimulated the enzyme activity only with hypoxanthine, but not ethenoadenine.
Real-time binding experiments using surface plasmon resonance spectroscopy showed that the pronounced inhibition of activity was due to inhibition in substrate binding. Nonetheless, the glycosidic bond cleavage step was not affected. These results altogether suggest that Mg 2+ inhibits N-methylpurine-DNA glycosylase activity by abrogating substrate binding. Because Mg
is an absolute requirement for the downstream activities of the major base excision repair enzymes, it may act as a regulator for the base excision repair pathway for efficient and balanced repair of damaged bases, which are often less toxic and/or mutagenic than their subsequent repair product intermediates.
Cellular DNA is continuously exposed to endogenous or exogenous chemical or physical agents that induce DNA lesions. DNA base damage threatens genomic stability and cellular viability. Multiple DNA repair pathways exist in all organisms-from bacteria to humans-to preserve the integrity of the genome (1) . Damaged bases, if not repaired, could be mutagenic (2) and/or cause cell death by blocking DNA replication (3) .
In all organisms, repair of DNAcontaining small adducts, as well as altered and abnormal bases, occurs primarily via the base excision repair (BER) pathway, beginning with cleavage of the base by a DNA glycosylase (1, 2) . Mechanistically, DNA glycosylases are categorized into two classes: mono-and bifunctional DNA glycosylases. Monofunctional DNA glycosylases, such as MPG and UDG, use an activated water molecule as a nucleophile to generate an apurinic or apyrimidinic (AP) site in DNA. Bifunctional DNA glycosylases/AP lyases, such as NTH1 and OGG1, use an activated amino group (Lys) or imino group (Pro) as the nucleophile to create a Schiff-base intermediate that coordinates base removal and subsequent strand incision (AP lyase) 3′ to the AP site (4, 5) . The mammalian MPG is known to excise at least 17 structurally diverse modified bases from DNA (6) . These lesions include 3-alkylpurines, 7-alkylguanine, 1,N 6 -ethenoadenine (εA), N 2 ,3-ethenoguanine, and hypoxanthine (Hx), all of which are purine derivatives (7) (8) (9) (10) (11) (12) (19, 20) . It is reported that 5 to 10% of total Mg 2+ is in free state in the cells (21) . A recent report suggests that
Mg
2+ reduced the efficiency of base excision and strand incision activities of hOGG1 on DNA containing 8-oxoG under single-turnover conditions; however, the reduction was more pronounced for the AP-lyase activity. The Schiff-base formation between hOGG1 and 8-oxoG-containing DNA was abrogated in the presence of Mg
2+
. These results suggest that hOGG1 mainly operates as a monofunctional glycosylase under physiologic concentrations of Mg 2+ (22) . There is a growing list of DNA glycosylases, which cleave the damaged base depending on the base opposite to the damaged one. For example, for base discrimination, human endonuclease-III (hNTH1) depends strongly on Mg 2+ (23) . However, Mg 2+ has also been shown to stimulate the turnover of thymine DNA glycosylase (TDG) (24) . Mg 2+ acts as a cofactor of many enzymes involved in oxidative phosphorylation, nucleic acids and protein synthesis, and mitotic activity of normal cells. The adult human body contains 21 to 28 g Mg
. As a nutritional element the daily requirement of Mg 2+ (200-700 mg) is crucial (25) .
In the present study, we have demonstrated that Mg 2+ is not required for MPG's activity; however, it can inhibit significantly MPG's activity at physiologically relevant concentrations by abrogating its substrate binding ability without any effect on its catalytic chemistry. Because Mg 2+ is an absolute requirement for the downstream activities of the major BER enzymes (26) , it may act as a regulator for the BER pathway for efficient and balanced repair of damaged bases, which are often less toxic and/or mutagenic than their subsequent repair product intermediates.
MATERIALS AND METHODS

Purification of Recombinant Mouse MPG:
The mouse MPG wild-type (WT) and the deletion mutant were purified as previously described (27) . Oligonucleotide Substrates Preparation: Hx and εA containing 50-mer oligonucleotide with the sequence 5'-TCGAGGATCCTGAGCTCGAGTCGACGXT CGCGAATTCTGCGGATCCAAGC-3' (where X represents εA or Hx) were purchased from Operon Technologies (Alameda, CA) and Gene Link (Hawthorne, NY). The complementary oligonucleotide containing A opposite εA or Hx was synthesized by the Recombinant DNA Laboratory Core Facility at the University of Texas Medical Branch (Galveston, TX). The oligonucleotides were purified on a sequencing gel. The Hx or εA oligonucleotide was labeled at the 5' end using T4 polynucleotide kinase and 32 P-ATP and annealed to complementary oligonucleotide to prepare 32 P-end-labeled duplex oligonucleotide as described previously (27) . MPG-Mediated Excision Activity Assay: The MPG proteins, full-length (1.1-12.5 nM) and truncated N∆100C∆18 (3.2 nM), were individually incubated with 5`-32 P-labeled 1,N 6 -ethenoadenine (εA) or Hx-containing duplex oligonucleotide substrates (1 nM) in the presence of different divalent metal ions, EDTA, EGTA, control duplex oligo or in combinations for 10 min at 37 0 C in an assay buffer (25 mM HEPES-KOH, pH 7.9, 0.5 mM DTT, 150 mM NaCl and 10% glycerol) in a total volume of 20 µl. The reaction was stopped by inactivating the enzyme at 75 0 C for 5 min. The products containing the AP sites were then quantitatively cleaved into smaller fragments by incubating with a large excess amount (100 ng) of APendonucleases at 37 0 C for 10 min after the concentration of Mg 2+ was adjusted to 5 mM (27).
The reaction mixture was then mixed with 40 µl loading buffer containing 1x DNA dye (diluted from blue-orange 6x loading dye; Promega, Madison, WI), 85% formamide, and 0.03 N NaOH and heated at 95 o C for 5 min. The samples were then resolved by electrophoresis at 60 0 C using criterion gel (Bio-Rad Laboratories, Hercules, CA) containing 20% polyacrylamide, and 7 M Urea. Radioactivity in the incised oligonucleotides was quantified by exposing the gel to x-ray films and measuring the band intensities using an imager (Chemigenius Bioimaging System) with quantification software (Syngene Inc., San Diego, CA).
DNA Binding Studies Using Surface Plasmon Resonance:
In search of a mechanism of modulation of MPG activity by Mg
2+
, we examined the MPG-Hx binding using a Biacore-1000 (Biacore, Uppsala, Sweden). A 50-mer duplex oligonucleotide containing an Hx or adenine (no modification) at the 26 th position from the 5' end of one strand was used for measuring enzyme-oligo interaction. Oligos were biotinylated and immobilized on streptavidine-coated Biacore chips. Then N∆100C∆18 MPGs at various concentrations (0-400 nM) were injected, and the surface plasmon resonance units were measured over 30 min.
There is an advantage to use the truncated MPG (N∆100C∆18) over full-length protein for binding assays: the truncated protein is slower (75% less active) in the Hx-cleavage reaction, albeit with the similar inhibitory effect from Mg 2+ (data not shown). 0 C in an assay buffer (25 mM HEPES-KOH, pH 7.9, 100 µg/ ml nuclease-free BSA, 0.5 mM DTT, 150 mM NaCl and 10% glycerol) in a total volume of 100 µl. Aliquots of 5 µl were taken out at different time points (0-20 min) and heat inactivated at 80 0 C in a pre-heated microcentrifuge tube. Then we tested the Mg 2+ effect at concentrations of 0 to 500 µM. The products containing the AP sites were quantitatively cleaved into smaller fragments followed by resolving on denaturing gels and, radioactivity in the incised oligonucleotide was also quantified as described in activity assay. Burst Analysis: The enzymes (5 nM) were individually incubated with 5′-32 P-labeled hypoxanthine containing duplex oligonucleotide (50 nM) at 37 0 C under conditions similar to those described in STO Kinetic Study.
Steady-State Kinetics:
The enzyme (12.5 nM) was incubated with 5′-32 P-labeled Hx containing duplex oligonucleotide (0-60 nM) substrates for 5 min at 37 0 C under assay conditions similar to those described above. The reaction products were also analyzed and quantified as described in activity assay.
RESULTS
Effect of Mg
2+ and Other Divalent Ions on MPG Activity: The activity of the purified fulllength MPG was measured in the presence of 0-5 mM MgCl 2 concentration using Hx as a substrate. Although Mg 2+ showed a slight stimulatory effect with Hx (70%-125%) at micromolar concentrations, a higher concentration of Mg 2+ (1-5 mM) inhibited MPG reaction significantly ( Figure 1A,B) . Mg 2+ inhibited the reaction, but an equivalent amount of EDTA could rescue nearly full activity of MPG ( Figure 2 . Figure 4 illustrates the basic intermediate steps of the MPG reaction. In general, we and others have showed that DNA glycosylases such as MPG bind substrates and generate a Michaelis-Menten complex in which an enzymatic reaction or catalysis occurs to cleave the scissile glycosidic bond. Then the enzyme dissociates from the product, the AP sites, and turns over to bind a new molecule of substrate. All the reaction rates at transient steps are slow for MPG and in general for all the DNA glycosylases, tested so far (7, (28) (29) (30) . We analyzed the effect of Mg 2+ on substrate binding using surface plasmon resonance in Biacore. We took advantage of MPG's slow reaction rates and measured the effect of Mg 2+ on the glycosidic bond cleavage (catalysis) step by STO kinetics and the product dissociation step by multiple-turnover (MTO) reaction conditions. In addition the MTO conditions allowed us to measure the active enzyme concentration that might be affected by Mg 2+ .
Surface Plasmon Resonance (SPR) to Analyze
Substrate Binding: The 50-mer oligonucleotide containing Hx was biotinylated and immobilized on streptavidine-coated chips to a density of 550 resonance units (data not shown). Unmodified oligonucleotide with a similar sequence was used as a control. Using SPR one can follow real-time DNA-protein interactions compared with other commonly used methods, such as gel shift assay. We established the binding conditions for oligonucleotides containing Hx or no modification by injecting 0-400 nM of truncated MPG. The SPR was monitored and the resonance units were plotted against time ( Figure 5A,B) . The Langmuir isotherms at various protein concentrations allowed us to calculate the kinetic parameters based on on/off rates and protein concentrations. We found that the K Ds (dissociation constants) for unmodified and Hx-containing oligonucleotides were 176 and 2.5 nM, respectively, indicating that MPG binds both the oligonucleotides, albeit with ~70-fold higher affinity for Hx. Then we tested the effect of Mg 2+ on MPG's binding toward Hxcontaining oligonucleotide and found that Mg 2+ increased the affinity between MPG and Hx at lower concentration and significantly inhibited the interaction at its higher concentrations in a dose-dependent manner ( Figure 5C [P] t = A 0 {1-exp(-k obs t)} + k ss t (2) Although the curves are biphasic, indicating the presence of pre-steady-and steady-states, the burst periods are unusually long (5 min). Generally, the burst rate, which is actually the rate of enzyme reaction during the pre-steadystate of burst analysis, is similar to the rate of chemical reaction (k chem ) at pre-steady-state under STO conditions. Indeed, the times required to complete the first cycle (burst) of product generation in burst analysis ( Figure 7 ) and attain the saturation of product formation in STO kinetic analysis ( Figure 6 ) are similar. This slow reaction rate made the burst phase sluggish. The slow reaction rate provided the opportunity to measure pre-steady-state kinetics without using stop flow.
Plots of product concentration (P t ) versus time (t) were analyzed using Equation (2) to determine the kinetic parameters, A 0 (amplitude of the burst), and k ss (slope of the linear phase). In terms of the microscopic rate constants in Figure 5 , A 0 and k ss can be defined by the following:
and k ss ={k′k d /(k′+k d )}[MPG] 0 (4) respectively, where k′ is the effective rate constant for the overall pre-steady-state process, E+S 1 →E·P 2 , before the product (P 2 ) is released from the enzyme. Figure 7 clearly shows that k′>>k pd , which simplifies (3) and (4) to:
The curve fit provided the amplitude of the burst (A 0 ), which is related to the active enzyme concentration involved in glycosylase reaction. Although, we used similar amounts of protein for all reactions, we found that with increasing Mg 2+ concentration, active MPG concentration became significantly limiting ( Figure 7, panel B) . The microscopic rate constant for product release (k pd ) was evaluated from the relation:
where k ss was determined from the slopes of the linear portions of the plots ( Figure 7A,B) . The k pd value (0.016 ± 0.001 min
) for WT MPG is extremely low and apparently rate limiting in the MPG-mediated multistep reaction process. Slow turnover and product inhibition are the hallmarks of most of the DNA glycosylases (27) ) may have effect on MPG's activity. We have previously shown that MPG requires 150 mM NaCl for its optimum activity. We used the same NaCl concentration in all our reactions for this study. That means that 150 mM Cl -was present in the assay mixture and the further addition of 2.5 mM MgCl 2 should increase Cl -by an additional 5 mM. Obviously this increase is negligible compared with the existing Cl -ions. More importantly, 2.5 mM MgCl 2 inhibits 80%-90% of the MPG activity (Figure 1) . If the anion (Cl -) is crucial for MPG inhibition, one could expect a similar inhibitory effect, since all cationic metals used in this study have the same anionic counterpart. However, our results demonstrate that this not the case: The cation inhibits MPG's activity, not the anion. We also found that Mg 2+ at low concentration induces a slight stimulation in MPG's activity, which could be due to a more optimal conformation of the substrate or the protein itself. A similar salt-induced stimulation was observed with hNTH1 enzyme (23) . Because stimulation of MPG was only observed with Hx, not εA, it is tempting to predict that DNA conformation near the damaged base or the adduct itself, rather than the MPG protein, was affected by low Mg 2+ in order to cause stimulation in activity.
This is the first demonstration of an inhibitor for the enzyme MPG, a DNA glycosylase, with recognition and cleavage specificity for a wide variety of structurally diverse alkylated, deaminated, and etheno DNA adducts. Despite the importance of DNA repair glycosylases in the initiation of repair of mutagenic and toxic DNA base adducts inflicted by endogenous and exogenous sources, such as oxidative and nitrosative stress, replication errors, and cigarette smoke, there are not many well-characterized inhibitors for this important class of BER enzymes. UGI, a viral protein, has been shown to inhibit uracil DNA glycosylase (UDG), which excises uracils in DNA generated from replication misincorporations (34). Speina et al. (35) screened a battery of compounds including various base analogs and tryptophan pyrolysate (Trp-P-1), a mutagenic DNA intercalator heterocyclic amine found in cooked food, targeting a number of E. coli and human DNA glycosylases. The 2-thioxanthine was effective for E .coli Fpg protein and was shown to inhibit its excision activity whereas Trp-P-1 inhibited multiple DNA glycosylases such as AlkA, TagA, MPG, NTH, and Fpg by altering the DNA secondary structures (35) .
In cellular systems, at physiologically relevant concentrations, Mg 2+ is not genotoxic, but is required to maintain genomic stability. Besides its stabilizing effect on DNA and chromatin structure, Mg 2+ is an essential cofactor in almost all enzymatic systems involved in major transactions of DNA including replication and repair. E, the enzyme MPG, S 1 , the substrate with the modified base (εA or Hx), P 1 , the excised modified base, P 2 , the oligo substrate with AP site after the base is excised. The rate constants are K D , the binding constant between substrate and enzyme, k chem , the catalytic constant at the chemistry step, and k pd, the product dissociation constant. The reaction conditions are as described under "Materials and Methods." % Activity over control Fig. 2 
